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CE~LULAR IMMUNITY IN TUBERCULOSIS 
INTRODUCTION 
Infections caused by Mycobacterium tuberculosis have been 
described and studied for many years but the mechanisms of resis~ 
tance in this disease process are still not clear. Resistance in 
this disease does not appear to be due to the production of humoral 
antibodies against the organism or any of its components although 
antibodies are produced after immunization or infection. Many 
workers have reported that native resistance to tuberculosis as 
well as acquired immunity is mediated by the phagocytic cells of 
the reticuloendothelial system. 
Investigators have studied the increased resistance of immun-
ized animals by ~ ~ and in vitro techniques. The ability to 
remove and culture cells from the body of both normal and immunized 
animals has led to much understanding of the function of phagocytic 
cells in host resistance. Reports indicate that cells from normal 
and immunized animals differ in enzyme content and in metabolic 
activity, even though the cells appear similar morphologically. 
But even with these advances in technique, the role of humoral and 
cellular factors is not clearly understood. 
This investigation was planned upon the proposed concept 
that phagocytes from immune animals are endowed with phagocytic 
and cytopeptic capacities not present in similar normal phagocytes. 
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Therefore, it was proposed to explore the phagpcytic and cytopeptic 
capacities of norm~l and immune phagocytes to gain further insight 
into mechanisms of cellular resistance; by harvesting these phago-
cytes from different areas of the donor animals, information con-
cerning "organ specificity" might also be obtained. In this study 
peritoneal cells and phagocytic cells from the alveolar spaces of 
the lung have been utilized. 
In this dissertation the term phagocyte, a functional term, 
will be used to include all cells (monocytes, macrophages, histio-
cytes, etc.) which are capable of phagocytosis. This term will 
not be used to describe polymorphonuclear leukocytes and where 
a more accurate term is needed, the word phagocyte will be replaced 
in favor of a more descriptive term. 
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REVIEW OF LITERATURE 
I • HISTORICAL 
Tuberculosis was known in antiquity and can be recognized 
in lesions of bones that have survived through the ages. Probably 
the first known example of disease of the vertebral column dates 
to the Neolithic per~od (about 5,000 B.C.) There is evidence of 
tuberculosis lesions in bones of Egyptian mummies. A clay statu-
ette dating from about 4,000 B.C. shows the distortion of the spine 
often associated with tuberculosis (Sigerist, 1951). 
Tuberculosis of the lungs was probably not common in Egypt 
since no description of this form of the disease exists, but 
"phthesis" as they called pulmonary tuberculosis, was well recog-
nized by the Greeks and described by their physicians (400 B.C. 
Hyppocratic writings) (Sigerist, 1951). 
The idea of tuberculosis as a separate disease did not emerge 
until 1671 when Francis Sylvius used the term tubercula minora vel 
majora to describe the appearances of lesions in the lungs of 
consumptives (Florey, 1962). 
The ancients such as Galen expressed a popular view in stating 
that the exhalation of a phthisical patient is dangerous, and a 
number of observers in the 16th and 18th centuries thought of 
phthesia as contagious. However, by the early 19th century, these 
views were submerged and the disease was thought to be associated 
with constitution and to be of an hereditary nature. 
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J. A. Villemin (Florey, 1962), a French army surgeon, first 
showed that tuberculosis was an infective disease. He transmitted 
tuberculosis to guinea pigs and rabbits from infected humans and 
cattle. The final proof of the infective and bacterial nature of 
tuberculosis was provided by Robert Koch (1890a, b). Koch demon-
strated that the tubercle bacillus was present in lesions, that it 
could be isolated in pure culture and that the injection of these 
pure cultures into norma~ animals produced tuberculosis. 
II. MECHANISMS OF VlRULENCE 
A. Strains of Mycobacterium tuberculosis. 
While there is no good evidence that a particular type of 
tubercle bacillus can be induced to become pathogenic for an animal 
species that is naturally resistant to it, there are on the other 
hand definite variations in the degree of virulence of a given type 
for the species susceptible to that type. Griffith (1919) investi-
gated the differences in the virulence of strains of M. tuberculosis 
isolated from various lesions, and distinctly less virulent strains 
were occasionally encountered. 
In addition to differences in virulence exhibited by different 
strains, the virulence of any given strain may undergo marked alter-
ation under the conditions of vitro culture. It has long been 
known that strains which are highly virulent at the time of isola .. 
tion may become less virulent after repeated transfer in culture. 
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At the present time two widely known examples of strains that have 
undergone a marked change in virulence as a result of prolonged 
transfer in culture outside the mammalian host are the bovine strain 
of Calmette and Geurin (BCG), and the strain isolated from a human 
case of miliary tuberculosis by Trudeau in 1891 (Saranac Rl strain). 
A detailed history of the latter strain has been recorded by Gardner 
(1932) . 
The famous BeG strain of Calmette and Geurin, which has been 
the subject of so much investigation as an immunizing agent for 
human beings, is a result of loss of virulence following prolonged 
culture in vitro. This originally virulent bacillus underwent so 
marked an attenuation in virulence after prolonged cultivation that 
it lost its power to produce progressive tuberculosis in guinea pigs, 
rabbits, and calves, and has been administered to thousands of human 
beings for the purpose of prophylactic immunization. 
Spontaneous changes in the virulence of other strains have 
been observed by numerous investigators. A human strain known as 
H37 was isolated in 1905 from sputum at the Saranac laboratory. 
This strain, in culture on standard media, maintained constant 
pathogenicity for guinea pigs and produced disease that was progres-
sive and lethal. However, Steenken, Oatway and Petroff (1934) 
recovered constantly virulent and avirulent clones from the original 
strain. Two of these clones are now known as H37Rv (virulent) and 
H37Ra (avirulent) and are widely used for experimental purposes. 
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B. Toxic Constituents ~ Products of ~ Bacillus. 
Toxic constituents and products of the different proteins 
in the body of the tubercle bacillus have been isolated (Wells and 
Long, 1932). These tuberculo-proteins, whether extracted directly 
from the bacteria or from the medium in which organisms have grown 
exert no appreciably toxic effect upon the normal mammalian tissue. 
When one speaks of a tubercle bacillus as being virulent, 
this viewpoint has nothing to do with the amount or quality of any 
toxin which that bacillus might produce, but only with the observa-
tion that when introduc~d within the susceptible host it has the 
power to produce progressive disease. If the bacillus does live and 
multiply, it will produce lesions although the death of tissue may 
also be related to the development of hypersensitivity to the pro-
tein of the bacillus rather than the effect of any toxin elaborated 
by the bacillus. 
Differences in virulence may at times be associated with visible 
differences in the bacilli and their colonies. Middlebrook, Dubos, 
and Pierce (1947) reported that virulent mammalian tubercle bacilli 
grew in separate cords in the colonies on the surface of liquid media, 
whereas avi~ulent strains did not. On the other hand, the bacilli 
and colonies of the virulent H37Rv strain of tubercle bacillus have 
morphology similar to those of the aviJulent RlRv strain, but there 
are no doubt physical and chemical differences between these strains. 
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Cooper (1930) has reported finding less lipid in the S 
variant of the BCG bacillus than in the R variant. Seibert, 
Long, and Morley (1933) on the other hand found more lipid in an 
S variant of an avian strain than in the R variant. It is question-
able however whether the differences in lipid content described in 
these experiments were related directly to virulence since Long and 
Finner (1927) have shown that variations in the lipid content of 
the bacillus can be induced by varying the character of the medium 
on which the bacilli are grown. 
Anderson's (1932) analysis of lipid showed a lower content in 
the non-pathogenic Timothy bacillus than in the pathogenic mammalian 
and avian tubercle bacilli, but pathogen~city does not appear to be 
relative to the total amount of lipid. 
Cooper (1930) reported that the S (virulent) variant of a 
mutant bovine strain had a lower carbohydrate content than the R 
variant of low virulence. Steenken (1941) found the reverse to be 
true of the virulent and avirulent strains of human tubercle bacillus. 
The carbohydrate which Masucci and McAlpine (1930) and Branch (1932) 
isolated from the medium in which tubercle bacilli were grown was 
not type specific and was common to a wide variety of pathogenic 
and non-pathogenic acid fast bacilli. 
Evidence has been presented by several investigators which 
suggests that there are differences between the proteins of differ-
ent types of acid fast bacilli, (Seibert, 1930; Coghill and Bird, 
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1929; Lewis and Seibert, 1931) but differences in the amount or 
character of proteins, in different strains of the same types which 
differ in virulence~ have not been demonstrated u Seibert and Morely 
(1933) have shown that the purified tuberculo-protein of bacilli of 
low virulence possess the same potency as that of bacilli of high 
virulence. Steenken, Oatway, and Petroff (1934) found no difference 
in the potency of tuberculins prepared from the S (highly virulent) 
and R (weakly virulent) variants of a strain of human type. Willett 
(1963) has reviewed recently the biochemical and biological proper-
ties of Mycobacterium tuberculosis but the factors responsible for 
its virulence are still unknown. To~ic glycolipids have been iso-
lated from mycobacteria (Azuma, 1964) and have been reported to be 
similar to the cord factor reported by Block (1950). Bekierkunst 
and Berry (1965) have shown a cytoto~ic effect of Mycobacterium 
tuberculosis on Ehrlich ascites cells and suggest that even though 
the cytoto~icity appears to be due to "cord" factor that this 
characteristic alone does not explain the toxicity of virulent strains 
since avirulent strains also produce the "cord" factor. 
III. MECHANISMS OF IMMUNITY IN TUBERCULOSIS. 
A. Natural Immunity: Metabolic Factors. 
It has been said that the human being is more susceptible to 
tuberculosis than any other species but there is clear evidence that 
man is less susceptible to the infection than are various other 
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species, The guinea pig, in which a single bacillus may establish 
progressive infection (Willis, 1952) is much more susceptible to 
bot.h the human and the bovine bacillus than is the human" That 
the human being possess a considerably greater native resistance 
to tuberculosis than certain other animals is clear from the fact 
that once a primary infection has been established by virulent 
bacilli in the guinea pig, it practically invariably proceeds to 
a progressive and fatal results, whereas this is not true for the 
human being (Rich, 1951). 
Free oxygen is an important growth requirement of the human 
tubercle bacillus for they are strict aerobes. Loebel, Shon and 
Richardson (1933) found that the human tubercle bacillus lacks the 
capacity to derive energy from anaerobic glycolysis. When completely 
deprived of oxygen while on the surface of fluid medium, or in a 
moist state, the bacilli lost, after several days, both their capac-
ity to respire and their ability to reproduce when transfered to 
a favorable environment. In the dry state, however, they have been 
shown to remain alive and virulent after having been kept in vacuo 
for many months (Harris and Lange, 1933). 
Novy and Soule (1925),Kempner (1939), and Carper etal., (1927) 
studied the oxygen requirements of the tubercle bacillus and the 
latter investigators found that while slight growth still took place 
in 0.5% oxygen, growth ceased completely in an atmosphere of 0.1%. 
Further, bacilli kept for six weeks in 0.1% oxygen remained alive 
and were able to proliferate when atmospheric air was introduced. 
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Carbon dioxide, in the amount present in alveolar air was found 
to stimulate growth slightly while an excess of CO2 depressed growth. 
Under usual conditions of culture tubercle bacilli grow upon 
the surface of the fluid or solid media forming a rather dry film. 
There are however, reports of limited sub-surface growth in both 
fluid and solid media in the absence of increase oxygen supply. In 
1922, Larson and Montank reported that sub-surface growth of tubercle 
bacilli could be induced simply by lowering the surface tension of 
the medium and that the bacilli so grown lost their virulence. 
Dubos and Davis (1946) using synthetic detergents have thoroughly 
confirmed the observation that surface tension lowering agents can 
promote sub-surface growth. They have found that various agents of 
this type are toxic to tubercle bacilli and that this toxicity must 
be neutralized by the addition of albumin to the medium. Contrary 
to the work of Larson and Montank (1922), they fQund that bacilli 
cultured in the presence of these surface tension lowering agents 
can retain their virulence. 
Corper at al., (1927) have shown that within certain limits 
the rate and luxuriousness of growth of tubercle bacilli are directly 
proportional to the oxygen tension of the gaseous environment. These 
studies also make it evident that the tubercle bacilli thrive far 
better in the gaseous tension of normal alveolar air than in that 
of the venous blood. Rich and Follis (1942) studied the effect of 
lowered atmospheric Qxygen upon experimental tuberculosis in guinea 
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pigs and found that a low oxygen tension h~d a significant inhibi-
tory effect on the progress of infection. 
2. Cellular Factors. 
The ingestion of bacilli by polymorphonuclear phagocytes 
(PMN) at the initial site of infection was described by Borrel 
(1893), and Lony, Holley and Vorwald (1933). This initial PMN 
reaction is soon followed by the accumulation of mononuclear phago-
cytes which ingest free bacilli as well as dead PMNrs. The bacilli 
that escape are taken up by the fixed phagocytic cells of the lymph 
nodes, liver, or spleen. The bacilli often survive so well intra-
cellularly in the susceptible host that phagocytosis has been 
thought of by some workers as a liability in tuberculosis. Certain 
investigators (Cunningham et al., 1925) and Doan and Sabin, (1930) 
have sought even to perfect means of ridding the tuberculosis host 
of these phagocytes. The hypothesis involved was that if these cells 
could be eliminated, there would be no suitable environment in the 
host in which the tubercle bacillus could live. This view is not in 
agreement with the work of others s~nce tubercle bacilli are able 
to survive and multiply outside of phagocytic cells in susceptible 
species (Woodruff, 1934). 
Lewis and Sanderson (1927) stressed that there is a great 
difference in the ultimate result of the phagocytosis that occurs 
within the natively resistant as compared with the susceptible host. 
While the bacilli of the type to which the species is resistant may 
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remain alive in the host within the phagocytes for long periods 
of time, their multiplication never proceeds in the progressive 
manner that often occurs in the susceptible host. It, therefore, 
appears that the interior of the mononuclear phagocyte in the natively 
resistant host is a less favorable environment for a given type of 
tubercle bacillus than is the interior of a mononuclear phagocyte 
in a susceptible species. 
Carrying on experiments similar to Metchnikoff's (1905), 
Rous (1925) has shown that the hydrogen~ion concentration in parts 
of the interior of the living phagocyte may be as low as three or 
less. However, in the case of tubercle bacilli, it has never been 
demonstrated that extracts of phagocytes exert any deleterious effect 
upon their survival or multiplication (Job1ing and Peterson, 1914). 
Jackson et .!!l., (1930) and Loebel ;:! al., (1933) made studies showing 
that phagocytic cells are active consumers of oxygen and that under 
anaerobic conditions they are able to form lactic acid at quite a 
high rate. 
The simplest method of altering the virulence of tubercle bacilli 
is by regulating the hydrogen-ion concentration of the medium on 
which the bacilli are grown (Steenken et al., 1934). In view of 
this fact, it has been suggested (Rich, 1951) that a similar loss 
of virulence might take place within the body of a natively resis-
tant animal since, as was pointed out many years ago (Metchnikoff, 
1884 and as reported by Gay, 1935), the pH immediately surrounding 
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a phagocytized substance or bacterium can be markedly different 
from that in the rest of the cell. 
"Toxin insusceptibility" has been suggested as playing a role 
in native resistance but no acceptible evidence is available. Cor-
per and Lewis (1927) compared the number and size of lesions pro-
duced by killed tubercle bacilli of different types in different 
species of animals and they reached the conclusion that there was 
a slight tendency for the number and size of the tubercles to be 
larger in the case of the bacilli to which the species was more 
susceptibl~. 
3. Tissue Resistance. 
In the host, susceptible to a given type of tubercle bacillus, 
there is no tissue that is natively so resistant that local pro-
gressive and destructive infection cannot be established in it if 
an adequate number of bacilli are deposited there. However, the 
number of bacilli required to establish progressive infection in 
different tissues varies. 
The relative degree to which different tissues arrest circu-
lating foreign particles has been carefully studied by Lund al. , 
(1921) and Corper and Lewis (1926). In the animals studied the 
liver, spleen, marrow and lungs remove the greater number of foreign 
particles from the circulation. 
A mechanical factor that tends to influeqce the extent of the 
local lesions that develop in different tissues is the physical 
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structure of the tissues. The anatomy of the lymphatic system of 
the lung in different species has been shown to play a mechanical 
role in determining the degree to which this organ tends to become 
involved. Krause (1926) and Willis (1926) have pointed out that 
the lymphoid tissue associated with the rabbitrs lung consists 
largely of lymphoid follicles that are distributed throughout the 
lung in contrast to the guinea pig where bacilli deposited in the 
lung tend to be drained out of the lung into the peribronchial 
lymph nodes. Tuberculosis lesions following intravenous (iv) 
challenge will therefore be more numerous within the lung of the 
rabbit than within that of the guinea pig. 
In rabbits and mice, a greater amount of iv injected particu-
late matter lodges in the liver than in the lung. Corper and Lewis 
(1927) found that more tubercles were formed in the liver than in 
the lung following the iv injection of dead tubercle bacilli. When 
living bacilli were injected however, after a lapse of time there 
were always more tubercles in the lung of the rabbit. The studies 
of Soper (1917) indicate that the liver of the rabbit has a marked 
tendency to rid itself of tuberculous infection and Doan and Sabin 
(1927) have described a similar phenomenon in the rabbit's bone 
marrow. But in the rabbit's lung, the lesions increase in number 
and size up to the time of death. 
Corper ~ al., (1927) drew attention to the concept that local 
differences in oxygen supply in the tissues can influence the degree 
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of multiplication of bacilli. Rich and Follis (1942) have shown 
that the progre~s of the infection in all of the organs of the guinea 
pig can be markedly inhibited by causing the infected animals to live 
~n an atmosphere of low oxygen tension. The fact that tuberculous 
lesions frequently develop in the kidneys of the rabbit while 
regression is taking place in the liver may be related to their 
opportunity to obtain more oxygen in the kidney than in the liver 
(Levey and Blalock, 1937). This is further substantiated by Vorwald's 
(1937) demonstration that the foetus is markedly resistant to tuber-
culous infection. 
Adams and Vorwald (1933) found that following experimental 
infection, less tuberculosis develops in a lobe of lung from which 
air is excluded. 
Even though a recent report exists (Kocham, 1963) in which the 
tuberculostatic activity of normal human serum is described, the 
majority of workers feel that the destruction of tubercle bacilli in 
resistant tissues is effected chiefly within the mononuclear phago-
cytes. The marked differences in the ability of these cells to 
destroy bacilli in different organs raised the question whether the 
phagocytes, though morphologically similar, may be fundamentally 
different types of cells. Corper and Lurie (1927) believed that 
mononuclear phagocytes in different organs must be inherently dif~ 
ferent cells with different powers to destroy tubercle bacilli. 
This concept is further discussed in the section on acquired cel-
lular resistance. 
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B. Acsuired Resistance. 
1. Extracellular Factors. 
The host infected with the tubercle bacillus acquires a re-
sistance to subsequent infection. This fact was clearly indicated 
by the early work of Koch (1891) on the results of cutaneous rein-
fection. There are, of course, differences in the degree to which 
different animals of a group develop acquired resistance following 
a given immunizing inoculation, and there are differences in the 
degree of native resistance of individual animals in any control 
group, but in any controlled experiment the difference in the degree 
of local and generalized tuberculosis in the previously infected 
and in the control animals is marked. These effects have been clearly 
demonstrated many times by many investigators, using a wide variety 
of routes of infection and many animal species (Petroff et al., 
1929; Soper and Dworski, 1930; Long, 1924; Opie and Freund, 1937). 
The inhibition of spread of tubercle bacilli from the site 
at which they lodge in the body with acquired resistance was indicated 
by early observations on the delay in the development of lesions 
in the regional lymph nodes and in distant organs. Krause (1926) 
and Willis (1925a, b) demonstrated, after subcutaneous or intra-
cutaneous injection, viable tubercle bacilli in the regional nodes 
and distant organs of normal animals earlier than in the tissues 
of immunized animals. Subsequent studies by Woodruff (1934), Lurie 
(1936), and Freund and Angevine (1938) have supported this obser-
vation. 
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Duchaine (1938) demonstrated that when tubercle bacilli were 
injected into the blood stream, they were removed from the circula-
tion more effectively in tuberculous animals than in controls; a 
phenomenon dem~crable in most bacterial infections in which acquired 
resistance develops (Bull, 1915; Wright, 1927; Cannon ~ al., 1932). 
Quantitative demonstration of the number of tubercle bacilli 
by histological methods is quite unreliable since dead tubercle 
bacilli may retain their form and acid fastness for long periods of 
time in the tissue (Olcott, 1939). The unreliability of quantitative 
cultural methods for tubercle bacilli might be demonstrated by the 
opposing views of Lurie (1929), who concluded that tubercle bacilli 
of reinfection are destroyed in all the organs of rabbits without 
any preliminary multiplication, and those of Freund and Angevine 
(1938) whose views were that in immunized rabbits tubercle bacilli 
multiply actively at the site of injection during the first few days. 
As reported by Medlar (1948) the childhood type of disease, 
occuring in people not previously exposed to infection, is character-
ized by a progressive type of disease with involvement of the region-
al lymph nodes. The adult type of tuberculosis is more localized 
and suggests a degree of immunity gained by previous exposure to 
the organism. The ability of the body with acquired resistance to 
localize the infection may also account for the relative infrequency 
of involvement of extrapulmonary sites, such as the intestine, 
despite the persistence in many instances of bacilli in the sputum 
for long periods of time. 
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A complication concerning this concept of acquired resis-
tance has been mentioned by Rich (1951) and Palmer et al., (1957); 
it is that most cases of clinic.ally active tuberculosis in older 
people, and often even in young adults, are of reinfection rather 
than of primary type; that is, in those people who as a result of 
previous infection should have acquired resistance from it. The 
absence of controlled observations in this clinical situation makes 
it difficult to assess the role of acquired resistance in reinfection. 
2. BCG Vaccination. 
Statist~cally significant results have been reported by many 
authors (Wallgren, 1934; Birkhaug, 1947; Aronson and Aronson, 1952; 
Stein and Aronson, 1953; Meyers 1954; and James, 1955) indicating 
that the vaccination of normal humans with viable attenuated bacilli 
of the Bacillus Calmette Geurin (BCG) strain results in a decrease 
in incidence of clinically apparent disease, in mortality, and in 
the course of the infection in those who develop the disease after 
vaccination. Extensive critical experiments utilizing animals have 
been carried out and no doubt as to the protective nature of BCG 
vaccination exists, but the mechanism involved in this enhanced 
resistance remains to be resolved. 
3. Role of Antibody. 
Like other microorganisms the tubercle bacillus possesses 
antigens to which immunologic responses in the form of antibodies 
and hypersensitivity appear (Long, 1958); however, it has not been 
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clearly established which, if any, of these antigens is the factor 
responsible for inducing specific resistance. Various vaccines have 
been used to immunize against tuberculosis. Workers in the U~ S~ 
Public Health Service (1955) compared BCG, H37Ra, Mycobacterium 
ph1ei and wax-protein fractions of human strains for their ability 
to immunize guinea pigs against tuberculosis infection and found 
the BeG preparation better than those prepared from the other sources. 
It has been reported that infection or immunization with the 
tubercle bacillus initiates the development of opsonins which increases 
the ability of the phagocytes to ingest the bacilli (Hughes, 1933, 
McCutcheon et~. 1929). Agglutinins also appear in the serum 
(McCutcheon ~ aI, 1929) and there are precipitins specific for the 
protein (Seibert, 1930), carbohydrate (Heidelbuger and Menzel, 1932), 
and lipid (Pinner, 1928; Doan, 1929) substances of the bacillus. 
Complement fixing antibodies specific for the bacillus (Hughes, 1933) 
and its antigenic constituents (Mueller, 1926; and Pinner, 1928) 
also appear. 
A variety of serologic tests have been applied by Raffel 
(1948) in order to determine differences in antibody content between 
immune BeG vaccinated animals and non-immune protein lipid vaccin-
ated animals. When antigen antibody reactions were demonstrated, 
they were as frequent and as intense in the animals lacking resis-
tance as in those with acquired resistance. Lurie (1936) has found 
that when bacilli suspended in an agar menstrum were injected into 
20 
immune animals, the organisms grow in clumps, while in normal 
animals the organisms disperse through the agar. Mudd (1927) and 
McCutcheon !:.!.!!., (1929) found that rabbits immunized with living 
virulent bacilli form agglutinins with a significant rise in titer 
about six days following infection. On the other hand, sera from 
animals vaccinated with tuberculoprotein and fractions of bacillary 
wax will also agglutinate bacilli, and these animals had no increased 
resistance to challenge infection. 
Some workers have described either destruction of bacilli or 
inhibition of their growth under certain circumstances in the presence 
of serum (Lurie, 1939; Fong etal., 1956; Hubacek and Malek, 1959). 
Myrvik and Weiser (1951) have implicated a lysozyme~like substance 
in in vivo growth inhibition; other workers have described this 
inhibitory effect and ascribed it to the absence of a growth pro-
moting factor which occurs in normal blood rather than to the presence 
of a positive antibacterial substance (Tsuji ~~., 1957, 1958; 
Oshima et al., 1958). Kochan et ale (1960) found an inhibitory effect 
in the alpha globulin fraction of the serum of man and guinea pigs. 
Lurie (1936, 1939) concluded from some of his early studies that 
the tissue fluids of the immune animal inhibited multiplication 
and enhanced destruction of virulent tubercle bacilli. Youmans 
and Youmans (1962a, b) have isola~ed a substance from the lungs 
of immunized guinea pigs and rabbits. This substance Mycosuppresin 
which inhibited the endogenous respiration of various strains of 
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mycobacteria, was bacteriostatic for these strains and offered 
some protection to non-immunized mice when challenged with viru-
lent organisms. 
From these studies it can be concluded that the body fluids 
of animals immunized a8a~nst tuberculosis contain bacteriostatic 
and perhaps bactericidal properties, but that the specificity and 
origin of the substances, and mOre importantly, their significance 
in increased resistance, is not clearly defined. 
Seibert (1958) has proposed that antibodies may act in con-
junction with a non-specific serum factor to account for acquired 
immunity. She has suggested that antibodies directed against po1y-
saecharides of the bacillus serve acquired immunity by combining 
with free sugars liberated by the organisms, thereby preventing 
these sugars from neutra1i~ing the effectiveness of a non-antibody 
bacteriostatic agent which is thus left to act upon the organism. 
Other observations cast doubt upon the role of antibodies 
as instruments of acquired immunity in tuberculosis. Zinneman and 
Hall (1956) reported that hypogammag1obu1enemic individuals have 
rarely developed tuberculosis despite their incapacity for proper 
antibody responses. Raffel et a1., (1960), in experiments in guinea 
---
pigs, found that total body irradiation applied before vaccination 
with BeG suppressed measurable antibodies without affecting the 
development of immunity to challenge infection, 
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4. Cellular Factors. 
By injecting (intravenously) dilute suspension of virulent 
tubercle bacilli into a group of normal animals and a similar 
suspension of avirulent bacilli into another group, Rich (1951) 
obtained evidence that tubercle bacilli of low virulence cannot 
live and multiply in the body within the phagocytic cells as freely 
as can bacilli of high virulence. In a similar experiment, he 
demonstrateQ that with the development of acquired resistance, 
the virulent bacilli meet the same fate as did the avirulent strain.s 
in the normal animals, 
An initial outpouring of polymorphonuclear lukocytes (PMN's) 
following the injection of bacilli into the peritoneal cavity of 
th~ hypersensitive host has been described by Gardner (1929) and 
Woodruff (1934); in the lung by ~ich and McCordock (1929); in the 
cornea by Long~ Holly, and Vorwald (1939), and in the testis by 
Long!! al. (1931). 
Hektoen (1911) noted that the PMN's from patients with acute 
infections are often more actively phagocytic than are those from 
normal individuals, not only for bacteria, but also for non-specific 
substances such as carbon. He believed this to be due to the pre~ 
dominence of younger cells during the leukocytosis which results 
from the acute infection. 
Ponder and Flinn (1927) studying the cells of normal human 
blood found no significant difference between the number of bacteria 
ingested by PMN's of different degrees of maturity. 
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Hanks and Evans (1940) were unable to demonstrate a bacter-
icidal effect of PMN's upon tubercle bacilli phagocytized in vitro 
......-"""----
in the presence of serum containing agglutinins. They also failed 
to demonstrate any bactericidal effect when mononuclear phagocytes 
were used. 
The role of the mononuclear phagocytes in tne destruction of 
the tubercle bacillus in the natively resistant body was stressed 
years ago by Lewis and Sanderson (1927). 
The studies of Corper and Lurie (1927) on oxygen supplY and 
deposition of tubercle bacilli demonstrated the importance of these 
factors in determining the degree of organ susceptibility. In order 
to account for the circumstance that the destruction of bacilli 
occurs more effectively in one organ than in another, they were 
led to suggest that the mononuclear phagocytes in different organs 
must be inherently different cells with different powers of destroying 
the tubercle bacillus. 
Lurie (1939) concluded from his studies that acquired resis-
tance in some way confers upon the mononuclear phagocytes an in-
creased physiological capacity to destroy or inhibit the multi-
plication of tubercle bacilli independent of the influence of 
antibodies in the body fluids. In another paper (1942) Lurie 
reported on experiments which led him to conclude that the mono-
nuclear phagocytes of the tuberculous host acquire a greater capacity 
to inhibit the multiplication of tubercle bacilli than is possessed 
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by the phagocytes of the normal host, and this is independent of 
any antibody in the body fluids. 
In 1952 Suter described a technique for the in vitro culti-
vation of normal mononuclear cells on glass slides in a liquid 
medium. He showed that these monocytes could be infected with 
tubercle bacilli. The number of intracellular bacilli increased 
steadily in those mononuclear cells infected with virulent bacilli 
and a damaging effect to the phagocytic cells was noted. In a 
later paper (1953) he reported that when monocytes obtained from 
normal animals were infected with tubercle bacilli that the bacilli 
multiplied within the cytoplasm of the monocytes; however, the 
monocytes obtained from animals vaccinated with BCG inhibited the 
growth of the tubercle bacilli. Conflicting results were reported 
by Mackaness (1954), since he was unable to demonstrate any resis-
tance by "immune rr cells (i.e., macrophages from immune animals). 
Fong et al., (1956, 1957) in studying the tubercle bacillus 
--
histiocyte relationships found that virulent bacilli killed the 
histiocytes of normal animals but had no effect upon histiocytes 
of immune animals. In later work Fong et al. (1959, 1961) util-
--
izing lE vitro cultures of infected histiocytes have shown that 
peritoneal exudate cells of normal and immunized rabbits can modify 
virulent tubercle bacilli, reducing their virulence for mice. 
This modification took place in both normal and immune histiocytes, 
but only the immune histiocytes modified the bacilli to the extent 
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that the bacilli no longer had the ability to necrotize the his-
tiocytes, which may indicate a greater capacity of immune histiocytes 
to modify bacillio 
There is some indication that alveolar macrophages from rab-
bits with inbred resistance to tuberculosis have a greater capacity 
to ingest tubercle bacilli in vitro (Henderson et al. 1963) than 
do alveolar macrophages from rabbits of lesser resistance to tuber-
culosis. 
The concept has been documented that native and acquired 
resistance to tuberculosis depends on the host cell-parasite 
relationship. The resistance is acquired by all cells of the retic-
uloendothelial system or perhaps by certain clones of these cells. 
Karnovsky (1962 ) has demonstrated that the energy for phago-
cytosis is derived from carbohydrate metabolism and Whitby et !!. 
(1961) have shown that increased glycolytic activity is brought 
about by increase resistance due to endotoxin. This also causes 
an increase in the acid phosphatase activity of the cells (Howard, 
1959). 
Suter and Heilliger (1960) showed the acid phosphatase 
activity of homogenates of rabbit mononuclear cells cultured 
in vitro to be greater in those derived from BeG vaccinated animals 
than in those from normal rabbits. After the administration of 
lipoplysaccaride, Howard (1959) demonstrated a rise in the acid 
phosphatase level of the reticuloendotheliel cells. 
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Allison ~!l. (1961) reported, on the basis of metabolic 
studies carried out with mononuclear cells obtained from rabbits 
of varying genetic resistance to tuberculosis~ that the cells 
obtained from resistant animals had a greater metabolic activity 
toward certain substrates, as did those from BCG vaccinated animals 
(Allison et al., 1962). 
Cohn and Hirsch, Hirsch and Cohn (1960) found that acidophilic 
granules of polymorphonuclear ~ukocytes contain the antimicrobial 
agent "phagocytin" and pointed out their significance in resis-
tance to bacterial infection. 
Myrvik~ al. (196la, b) demonstrated the presence of lyso-
zymes in mononuclear cells. Suter and Heilliger (1960), Allison 
et a1. (1961), have shown the presence of acid phosphatase in 
mononuclear phagocytes, and these enzymes may be within lysosome-
like organelles. 
Myrvik al. (1962) have presented evidence that lyso-
zyme is an important tuberculostatic agent and that it is present 
in macophages from BeG vaccinated rabbits in greater amounts than 
in cells from normal animals. 
IV. ENUMERATION OF MYCOBACTERIA 
Much of the work with mycobacteria is influenced by the 
difficulty encountered in preparing suspensions of single cells. 
This is reflected in the corrnnon term "viable cell unit" used 
throughout the literature of this field to quantitate the number 
of organisms utilized. Many of the experiment?l discrepencies 
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may be attributed to this problem. 
One of the commonly employed techniques used in preparing 
suspensions of mycobacteria is to scrape a few colonies of bacilli 
from the surface of a solid media, place them in a mortar and pestle, 
add the required diluent and grind the bacillary mass until it is 
in a paste-like conditon. The paste then is diluted and centri-
fuged to remove the larger aggregates, the supernatent fluid is 
used as the cell suspension. Suspensions prepared in this way have 
been reported to consist of mostly single cells and small clumps 
(Wilson and Schuabacher, 1937). 
Similar suspensions have been prepared using ultrasonics in 
place of grinding (Mackeprang, 1958, 1959). If exposure to ultra-
sonics is prolonged, the viability of the suspension is decreased. 
Another popular method for obtaining single cell suspension 
(Dubos and Davis, 1946) is the growing of organisms in a broth 
containing 0.5% Tween 80, which prevents the clumping of the highly 
lipophilic organisms. The cultures are treated in much the same 
way as are those that have been ground in the mortar and pestle, 
i.e., centrifugation to remove the larger aggregates and the super-
natent fluid used for the suspension of single cells. Recent studies 
have shown that the viable cell units grown in Tween 80 broth are 
actually composed of many bacteria rather than of single cells 
(Mackeprang et al., 1958). 
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v. EFFECT OF ANTIGEN ON SENSITIVE CELLS. 
When tuberculin or tubercle bacilli are added to tissue 
cultures :prepared from the tissues of animals previously injected 
with tubercle bacilli or their products at least two different 
types of results may be obtained. The cells from the sensitive 
animal may be killed or they may be stimulated, 
In 1928 and 1932 Rich and Lewis reported on a series of tissue 
culture experiments in which cells from the blood, bone marrow, and 
spleens of guinea pigs infected with tubercle bacilli were exposed 
to tuberculin. After exposure to the antigen, cells obtained from 
infected animals at first showed normal migration. Shortly there-
after, they became immobile and exhibited pyknosis and karyorrhexis. 
In these experiments the specific effect of old tuberculin was inde-
pendent of the type of plasma used for culturing the explants. Cells 
from normal animals were usually unaffected by old tuberculin, but 
occasionally they were moderately damaged by old tuberculin when 
cultured in the plasma of infected animals. 
Aronson confirmed this work in 1931 and in 1933 applied the 
system to explants from animals injected with horse serum. He 
found that horse serum in the tissue culture media had no injurious 
effect on the migration of cells from the explant. 
In 1946 Heilman and Siebert studied the cell types specifically 
damaged using the explant techni.que. From these studies they re-
ported that not all cells are uniformly effected. The polymorpho-
nuclear lukocyte was the most sensitive to antigen exposure, the 
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monocytes were only inhibited upon prolonged exposure, and lym-
phocytes showed little decrease in their migratory activity~ 
In spite of the repeated demonstration of this in vitro 
phenomenon, there are recurrent reports of unsuccessful attempts 
to produce cell damage in tissue cultures with tuberculin (Baldridge 
and Kligman, 1951; Lasfargues ~ al., 1947; Marks and James, 1953). 
Some of these failures may have arisen from an insufficiently high 
degree of sensitization in the animals from which the tissues were 
taken. 
Marks and James (1953) attribute the positive findings of 
others to cellular damage induced by repeated saline washings. 
They failed to find an effect of old tuberculin on the respiration 
of sensitive macrophages or PMN's if the cells were not washed 
excessively. 
The studies of Fabrizio in 1952 employing explants and those 
by O'Neil and Favour in 1955 using a capillary tube technique 
indicate that larger amounts of antigens are often necessary to 
obtain specific cytotoxic effects. In many experiments the amounts 
approached that quantity which is toxic for normal cells. 
In 1959 Waksman showed a stimulatory effect of low concentra-
tion of antigen on sensitive cells. Cultures of peritoneal exudate 
cells of guinea pigs sensitive to tuberculin were used. In prepar-
ations exposed to old tuberculin in dilute concentrations, the 
cell counts increased after 48 hours. 
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Studies of wet preparations of buffy coat leukocytes using 
phase contrast microscopy, revealed changes in cell morphology 
as early as ten mintues after adding the antigen (Favour, 1957)8 
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METHODS ~ MATERIALS 
I. EXPERIMENTAL ANIMALS 
Albino guinea pigs (Cavta cobaya) of the Hartley strain 
were used throughout this study. These animals obtained from a 
local source were all males weighing in excess of 500 grams. The 
animals were fed commercial pellets, water, and fresh lettuce. 
They were caged in solid bottom cages with five animals per cage 
in air conditioned, resonably dust-free quarters. 
II. STRAINS OF MYCOBACTERIA 
The following strains of Mycobacteria were used in this study: 
A. Bacillus Ca1mette Guerin <BCG). 
This strain was obtained from the Tice Laboratory, University 
of Illinois Institution for Tuberculosis Research, courtesy of 
Dr. Sol Roy Rosenthal. This strain was received in dried form simi-
lar to that used for vaccination. This organism was used to immun-
ize guinea pigs eith~r directly upon rehydration or after cultivation 
on suitable media (Lowenstein-Jensen or 7HlO liquid). 
B. H37Rv and H37Ra. 
These strains were obtained from the Trudeau Foundation Inc., 
Saranac Lake, New York courtesy of Dr. William Steenken. 
The H37Rv strain is highly virulent for man, guinea pigs and 
other laboratory animals. This strain has been maintained in our 
laboratory on Lowenstein-Jensen media and 7H10 broth. 
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The H37Ra strain is avirulent for guinea pigs and other 
laboratory animals. This strain has also been maintained in our 
laboratory in a manner similar to the H37Rv strain. 
III. IMMUNIZATION AND ~ TEST PROCEDURE 
The guinea pigs used as serum donors in this study were immun-
ized by injeetion subcutaneously in the back of the neck of 1 mg wet 
weight of viable BCG in 1 ml of Bayol F oil. The animals were allowed 
to rest for two weeks and were then used as serum donors. 
The guinea pigs used as phagocyte donors received two injections 
of 1 mg wet weight of BCG in 7H9 broth two weeks apart. After a 
six week period, the animals were sacrificed and the phagocytes 
harvested. 
After the above immunization procedures were completed, a 
random sample of the animals was taken and skin tests applied. 
The skin tests were accomplished by giving an intradermal injection 
of 0.1 rol of PPDS (0.0005 mg protein). The PPD was supplied by the 
U. S. Public Health Service. The extent of reaction was measured 
as the mean diameter of erythema at 24 and 48 hours after injection. 
IV. BACTERIAL CULTURE METHODS 
A. Media. 
The Mycobacteria were maintained on or in the following 
media (salts given as anhydrous form): 
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2. Middlebrook - 7H9 Broth 
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3. ~ Enrichment. 










The following formulation of modified Sauton media was 















This was adjusted to pH7 with ammonium hydroxide. 
B. Stock Cultures. 
Stock cultures were maintained by transfering the mycobac-
terial strains at two month intervals to fresh Lowenstein-Jensen 
media which was then incubated at 37°C until the next transfer in 
60 days. Broth cultures, for inoculum, were made from these stock 
cultures at such a time as to obtain them in a phase of rapid 
growth and multiplication. 
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C. Plate Count Procedures. 
Plate counts were made on 7HlO agar medium containing 















































V. PREPARATION Q[ BACTERIAL SUSPENSIONS 
A. Culture Methods ~ Filtration. 
The 7H9 broth, containing Tween 80~ in 8 oz prescription 
bottles was inoculated with mycobacteria of the appropriate strain 
taken from a slant culture of Lowenstein-Jensen medium. This broth 
culture was incubated for one week at 37oC. After this incubation 
period, an aliquot was removed and added to a fresh bottle of 7H9 
broth which was also incubated at 37oC. After two weeks incubation, 
the bottle was removed and the bacteria (forming a sediment) were 
put into a 50 ml glass syringe fitted with a SwinnyR adapter. The 
membrane filture in the adapter had an average pore diameter of 2.0 
microns. The bacterial suspension was forced through the filter and 
the filtrate used as infecting inoculum for the cell cultures. 
Initial studies of phagocytosis were carried out using bac-
terial suspensions taken directly from the 7HIO broth containing 
poly~orbate 80. 
VI. gUANTITATION OF BACTERIAL SUSPENSIONS 
The bacterial content of suspensions was quantitated by use 
of a combination of the following measurements: optical density, 
packed cell volumes, microscopic counts, and plate counts. 
A. Optical Density: 
The suspension being quantitated was placed in a cuvette 
and the optical density determined by reading at 625 mu as com-
pared with a blank of fluid similar to that in which the organisms 
were suspended. 
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B. Packed £!ll Volumes: 
The packed cell volume was determined by placing a given 
volume of cell suspension into a Hopkins tube and centrifuging at 
1800 XG for 15 minutes. After this sedimentation, the volume of 
packed cells was read directly from the stem of the Hopkins tube. 
C. Microscopic Counts: 
The bacterial suspensions were quantitated using a Petroff-
Hausser counting chamber and dark field microscopy at a magnifi-
cat~on of l250X. 
D. Plate Counts: 
Plate counts were made on the various bacterial suspensions 
by using a ser~es of 10-fold dilutions in sterile saline. Each 
dilution was made using a fresh pipette, and the contents of each 
tube was thoroughly mixed on a vortex mixer both during the 
diluting process and also before removal of aliquots for plating. 
A series of three 0.2 ml aliquots was removed from each dilution 
and placed on the surface of a 7HlO agar plate. This inoculum was 
then spread uniformly over the entire surface of the medium by use 
of a sterile glass rod. The plates were then placed in plastic 
bags and incubated at 370 C until visible colonies appeared. This was 
usually 2-3 weeks for the H37Rv strain and 3-4 weeks for the H37Ra 
strain. The number of colonies per agar plate was counted using 
a Quebec colony counter and hand tally. The number of bacteria 
or viable cell units, per given volume of stock suspension, was 
then calculated taking into consideration the volume of inoculum 
and dilution giving the optimum population for counting. 
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E. Fluorescent Staining: 
The suspensions of mycobacteria were examined before and 
after filtration by fluorescence microscopy to evaluate the extent 
of clumping. Samples of these suspensions were placed on pre~ 
cleaned microscope slides and allowed to air dry. They were then 
heat fixed and stained using a technique designed for fluorescence 


















30 sec. wash potassium permangenate .1 % 
The slides were air dried and examined under oil immersion 
using ultraviolet light. A non-fluorescing immersion oil was used 
and better cellular detail was observed using dark field illumination 
in conjunction with the fluorescent stain. The number of clumps, 
doubles, and single cells was counted and recorded for each strain 
of mycobacteria being used. 
VII. SERUM COLLECTION 
Animals, immunized and non-immunized, serving as serum donors 
were anesthetized using ether, The animals were then bled by cardiac 
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puncture and the blood allowed to clot at room temperature, The 
c lots were then freed from the glass tubes and centri'fuged at 
1800 XG for 15 minutes. The serum was then decanted into another 
tube and the serum further clarified by an additional centrifugation. 
o The serum was then stored at 4 C unt~l used, usually within 48 hours. 
All of the above proced~res were carr~ed out aseptically. 
Sterile calf serum was obtained commercially in 500 m1 lots. 
This serum was heat ~nactivated at 56°C for 30 minutes prior to 
its addition to the tissue culture medium. 
VIII. SEROLOGICAL PROCEDURES 
The sera obta~ned from BCG immunized guinea pigs was tested 
by a variety of means to determine if circulating humoral antibody 
was present and detectable at the time of bleeding. 
A. Agar Diffusion. 
1. Macro Method - Agar ge11 precipitation tests were carried 
out by the method of Crowle (1961). Different concentrations of 
various antigens as well as normal and immune rabbit and guinea 
pig sera were placed in wells appropriately arranged in agar plates. 
The diameter of the antigen and antibody wells was 7 rom and 9 rom 
respectively, and the distance between centers of the wells was 
18 rom. o The plates were incubated at room temperature and at 37 C 
for 24 to 48 hours. The plates were prepared from agar (1.0%) in 
glycine buffer (pH 7.2). 
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2. Micro Method,- The sera being tested were also subjected 
to a micro immuno diffusion test since this procedure is reported 
to have greater sensitivity than the macro method. The method used 
was essentially that reported by Crowle (1961). The test was carried 
out using agar coated slides and a plastic template for antigen and 
serum application. The precipitate bands were stained using amido-
black or azocarmine G. 
3. Latex Agglutination ~ Latex stock solution (Difco, 0.81 
micron diamter) was diluted 1:20 with tris (hydroxymethy1 aminometh-
anoma1eate pH6.6). The diluted latex was coated with Old Tuberculin 
(1:50) by mixing the two reagents and incubating at 370 C for 24 
hours. The latex particles were then washed two times and sus-
pended in 1% bovine serum albumin (pH 8.4) in tris buffer. 
The sera to be tested were diluted in two-fold dilutions in 
tris buffer; 0.1 m1 of the sensitized latex was added to each tube 
o 
which was then incubated at 37 C for 30 minutes and --at:' room tl!tnperature 
for 30 minutes. The suspensions were then centrifuged at 1000 XG 
for five minutes. Agglutination of the latex particles was easily 
viable when the tubes were viewed against a dark background using 
oblique fluorescent lighting. 
B. Antigen Preparation. 
1. ~ Free Extract: H37Ra was grown in modified Sautons 
liquid media -(Tsukamura and Abo, 1958) for six weeks at 37oC. At 
this time phenol was added to a final concentration of 0.5% and 
the cultures were allowed to stand for 72 hours. 
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The cells were separated from the culture medium by filtra-
tion and recovered from the filter pad. These were washed three 
times in distilled water and were lysed by subject to freezing and 
thawing (-60oC to 370 C) at least 20 times. A cell free extract was 
obtained by centrifugation at 10,000 rpm in an International model 
HR-l centrifuge utilizing the #850 angle head. This supernatent 
fluid (cell free extract) was then sterilized by Seitz filtration. 
2. Culture Filtrate: BCG was grown in 7H9 broth for six weeks 
and the cells were killed using phenol. The bacteria were removed 
by filtration and the filtrate concentrated by flash evaporation 
and prevaporation to one-tenth its original volume. 
3. Old Tuberculin: The old tuberculin used to sensitize the 
latex particles was prepared by standard techniques from strain 
H37Rv with Dr. Y. Aoki in the Department of Microbiology, University 
of Utah College of Medicine. 
IX. PHAGOCYTE HARVESTING TECHNIQUES 
A. Peritoneal Exudate Cells. 
Peritoneal exudates were stimulated in guinea pigs by intra-
peritoneal injection of 10 ml of Earle's balanced salt solution and 
intraperitoneal injection of 10 ml of glycogen (0.2 mg/lOml). Three 
days later the guinea pigs were sacrificed by electlDcution and the 
peritoneal exudate harvested. 
The guinea pigs were attached dorsal side down to an animal 
board. The hair over the peritoneum· was wetted with 70% alcohol. 
42 
The peritoneal cavity was opened and 50 ml of tissue culture 
medium containing serum, antibiotics, and heparin were added. 
This fluid was remov~d by aspiration and the process repeated 
until a total volume of 50 ml of exudate was recovered. The phago-
cyte containing exudate was then centrifuged at 800-1000 rpm for 
10 minutes. The supernatent fluid was discarded and the sedimented 
cells resuspended in tissue culture fluid without heparin. 
B. Alveolar Phagocytes (Maxwell, Deitz: and Marcus, 1964). 
Adult Hartley strain guinea pigs were sacrificed by electrocu-
tion. The guinea pig was positioned on an animal board in such a 
way that the trachea could be easily exposed. The upper part of 
the trachea was carefully dissected fteeanda hemostat fastened 
to its wall. The trachea was then transected above this point 
and the tip of a three-way stopcock (modified by grinding down the 
tip to an approximately 1/16 inch outside diameter; Luer Lok, Luer 
Lok, Luer Slip) was inserted into the lumen. Two 50 ml Luer Lok 
syringes were then attached to the stopcock and supported by a 
ring stand and clamp (Fig. 1)0 The upper (reservoir) syringe was 
filled with Earle's balanced salt solution. After adjusting the 
stopcock valve, 15 ml of fluid were carefully injected into the 
lungs. Care had to be taken to avoid overinflation. The stopcock 
valve was then adjusted to allow the cell suspension to enter the 
receiving syringe. Very little pressure was needed to draw 5 to 
10 ml of fluid from the lungs. The above procedure was repeated 





PROCEDURE FOR HARVESTING GUINEA PIG ALVEOLAR PHAGOCYTES 
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taining fluid was obtained. The macrophage suspension was placed 
in siliconized 50 ml centrifuge tubes and centrifuged at 200 XG for 
ten minutes. The resulting cell buttons were resuspended in Earle's 
BSS. 
C. Cell Counts. 
Samples were removed from the suspensions of peritoneal and 
alveolar phagocyte, for total differential and viable cell counts. 
1. Total - A sample of the cell suspensions was diluted in 
a leukocyte pipette and the cells were counted using a hemocytometer. 
2. Diff~rential - Smears were made by spreading the cells on 
glass slides, using a disposable capillary pipette. The smears were 
air dried, fixed in absolute methyl alcohol for three to five minutes, 
stained w~th Giemsa for thirty minutes, washed with distilled water, 
and air dried. 
3. Viability determination - The viability was determined 
using the eosin/dye exclusion technique of Hanks (1958). 
x. CELL MAINTENANCE 
Primarily all phagocytes were harvested and maintained in the 
following media (salts given as anhydrous amounts): 


















Final solution adjusted to pH7.4 with saturated sodium bicarbonate 
solution. 
To the above solution the following cQnstitutents were added 
as required by experimental design: 
Lactalbumin hydro1ys~te (Nutritional Biochemicals) 5 gm/1iter 
Calf serum (heat inactivated) 
Penicillin 
Nystatin (Mycostatin, Squibb) 
Polysorbate 80 (Tween 80) 
Normal or "immune" guinea pig serum 





20% (final conc. 
by volume) 
Streptomycin was added to a final concentration of 5 ug/m1 
in the media used for harvesting the phagocytes. In those experiments 
utilizing viable tubercle bacilli, the streptomycin was omitted 
during the period of bacterial ingestion by the phagocytes and 
then added later to eliminate any extracellular multiplication 
(Mackene~, 1952). 
The phagocyte cell suspensions, after counting, were diluted 
6 
to contain 10 ce11s/m1. Two m1 a1iquots were removed from the 
various suspensions and added to: 1) Si1iconized (SC-87 Dri Film, 
General Electric) 16 x 150 rom culture tubes for roller drum culture, 
2) To Ddghton tubes with micro covers1ips for microscopic obser-
vation by means of various stains, and 3) to Leighton tubes without 
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cover slip~ for gross observation and bacteria viability studies. 
The cells added to theteighton tubes attached to the glass and 
could be observed as a cell film macroscopically or as individual 
cells microscopically. Those phagocytes added to the siliconized 
culture tubes did not attach to the glass surface and remained 
~loating free in the medium. All phagocyte cultures were incu-
XI. IN VITRO STUDIES _ON PHAGOCYTES ~ ..;;,;,CYT~O..;;,;,P...;.;EP;;;.....S.....;;;I;.;;..S 
A. Bacterial Ingestion. 
Initial studies on ingestion of bacilli were made using heat 
killed suspensions of tubercle bacilli. These suspensions were 
added to the phagocyte systems, samples removed at varying time 
intervals, and microscopic dterminations made of the per cent 
active phagocytes, and the number of intracellular bacteria. Sub-
sequent studies were carried out with viable bacilli; the ingestion 
being followed microscopically as well as by plate counting pro-
cedures. 
B. Staining Techniques. 
The samples removed to determine bacteria ingestion were 
stained using the Ziel Neilson method of acid fast staining. Two-
hundred phagocytes were counted for each system and the number con-
taining acid·fast organisms recorded as well as the number of intra-
cellular bacteria. 
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C. Plate Counts. 
Plate counts to determine number of viable bacilli were made 
on Leighton tube contents. The phagocytes were attached to the 
surface of the tube and contained viable intracellular tubercle 
bacilli. The tissue culture media in these tubes contained strep-
tomycin which was removed by aspiration, the cell monolayer was 
washed with fresh media (without streptomycin), after this wash 
fluid was removed an additional 2 ml volume of tissues culture 
media without streptomycin was added to the tubes. One half cc of 
sterile BSS moistened glass beads (0.1 rom in diameter) was added 
to each tube. The U.eigh ton tube was he ld horizontally and the 
flat window area of the tube was exposed to 30 sec. of ultra 
sound (20,000 cycles/sec., the surface of the tube being allowed 
to rest on the probe of the instrument). When examined microscopic-
ally, the monolayer was found to be completely detached from the 
glass surface. The contents of each tube were mixed thoroughly on 
a Vortex mixer for 30 seconds. Samples were removed, diluted 
serially through 10 fold dilutions and plate counts made in tripli-
cate on these dilutions. 
XII. STATISTICAL METHODS 
The analysis of variance technique was chosen to analyze the 
data since this technique enables an investigator to study two or 
more populations simultaneously and to reach a probability value 
concerning whether the sample means are estimates of the same 
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parameter. The randomized block design gives statistical control 
of the variability. An F test was employed to determine whether 
the means were estimating the same population; if a significant F 
test was obtained the data were further analyzed (as implied in the 
1; 
experimental design) by. tests. A detailed description can be ob-
tained from statistical methods texts (C. Woolf, 1958). 
XIII. ABBREVIATIONS ~ PHAGOCYTE-BACILLUS SYSTEMS. 
Throughout this dissertation, the following abbreviations 
of phagocyte source and infecting bacillus will be used: 
NPRa - Normal peritoneal cells, H37Ra 
NPRv .. Normal peritoneal cells, H37Rv 
IPRa - lnunune peritoneal cells, H37Ra 
IPRv ... Imm\lne peritoneal cells, H37Rv 
NARa ... Normal alveolar cells, H37Ra 
NARv ... Normal alveolar cells, H37Rv 
lARa ... Immune alveolar cells, H37Ra 
IARv ... Immune alveolar cells, H37Rv 
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EXPERIMENTAL RESULTS 
I. EXPERIMENTS DESIGNED TO STUDY CHARACTERISTICS Q[ SUSPENSIONS 
OF TUBERCLE BACILLI. 
A. Optical density measurements ~ suspending medium. 
Since standardization of bacterial suspensions is easily accom-
plished using optical density measurements, suspensions of tubercle 
bacilli were subjected to this measurement which was then correlated 
with plate count data. In order to maintain the critical pH ranges 
necessary for phagocyte culture, the bacteria grown in Tween 80 broth 
were washed and resuspended in tissue culture medium. 
An absorption spectrum was run on the tissue culture medium to 
determine the optimum wave length for detecting turbidity due to sus-
pended organisms. The optical density measurements were made using 
distilled water as a control. The results obtained are shown in 
Table 1 and Figure 2 and it can be seen that at a wave length of 
625 mu a slight turbidity would give a maximum change in the optical 
density. 
B. Optical density measurements on suspensions of tubercle bacilli 
correlated with plate count ~. 
Optical density measurements and plate counts were made on the 
washed and resuspended bacilli. The results obtained for the differ-
ent strains of tubercle bacilli utilized can be found in Tables 2 and 
3 and in Figures 3 and 4. 
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c~ Packed cell volume measurements on suspensions of tubercle 
bacilli. 
Packed cell volume$ were determined using the Hopkins tube 
technique on the stock suspensions described in the preceeding 
section. The results obtained are shown in Table 4. 
D. Membrane filtration method of preparing suspensions. 
Due to problems encountered with the Tween 80 broth suspen-
sions having large clumps of bacteria, a filtration method was 
used in preparing the suspensions. The suspensions were treated 
as before with turbidity and plate counts measurements being made 
as well as slides for microscopic evaluation. These stock suspen-
sions were then filtered through a membrane filter with an average 
pore diameter of 2.0 microns. The results obtained before and 
after filtration are shown in Tables 5 and 6. 
Filtering of suspensions of H37Rv and H37Ra through membrane 
filters with an average pore diameter of 2.0 microns yielded sus-
pensions of cells which are 90% singles with the remainder being 
clumps of two or more bacilli. At no time was a clump of over 
three cells observed in the filtered material while the unfiltered 
suspensions consisted of many small clumps of bacteria. Photo-
micrographs of these suspensions are shown in Figure 5. 
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TABtE 1~ Optical Density of Tissue Culture Medium at Various Wave 
Lengths. 
Wave Length Optical Density % Transmission 
400 0.7 20.0 
425 0.8 15.8 
450 0.86 13.8 
475 0,76 17.1 
500 0.75 17.8 
525 0.95 11.0 
550 1.28 5.0 
575 0.82 15.0 
600 0.247 56.5 
625 0.055 88.2 
650 0.03 93.5 
675 0.012 97.7 
700 0.011 97.3 
Fi gu re 2 





















400 450 500 550 600 650 700 
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TABLE 2. Optical Density Measurements on Suspensions of H37Rv 















TABLE 3. Plate Count Results on Suspensions of H37Rv and H37Ra 







H37Rv - 10.5 x 107 viable cell units/ml 
H37Ra - 2.7 x 106 viable cell units/ml 
TNC* - Too numerous to count 





J 2...., Figure 3 









:;:) 6~ ~ ~ 
....J 
....J 






r- 2· 0 
>C 
0 













































































TABLE 4. Packed Cell Volume Measurements on Stock Suspensions 
of Tubercle Bacilli 
Strain Packed Cell Volume Wet Weight* 
H37Rv 0.01 ml/5 ml 2 mgms 
H37Ra 0.005 m~/5 ml 1 mg 
* After Kubica and Vestal, 1959; each 0.01 ml packed cell volume 
equivalent to 10 mgms wet weight. 
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TABLE 5. Quantitative Measurements on H37Rv Suspension Before 
and After Filtering Through a Filter Having Average 
Pore Diameters of 2.0 Microns. 
Measurement Before Filtering After Filtering 
Plate Count 15 x 106 6 x 106 
Microscopic Count 12!4 x 107 
% Clumps* 75 7 
% Single 25 93 
O.D. 0.65 
*Clump ~ two or more bacilli 
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TABLE 6. Quantitative Measurements on H37Ra Suspension Before and 
After Filtering Through a Filter Having Average Pore Dia-













*Clump - two or more bacilli 
After Filtering 
6 9.55 x 10 





PHOTOM I CROGRAPHS OF TWEEN 80 DISPERSED SUSPENSIONS 




II. EXPERIMENTS DESIGNED TO EVALUATE PHAGOCYTE HARVESTING AND MAIN-
-, '---
TENANCE TECHNIQUES. 
A. Effect ~ different peritoneal exudate stimulants. 
Six guinea pigs were injected ip with 20 ml of BSS containing 
lactalbumin hydrolysate. Four days later 40 ml of BSS was given 
ip 30 minutes prior to sacrifice by electrocution. The peritoneal 
cavity was opened and the exudate removed. The exudate had a total 
cell count of 17.7 x 107 cells with a differential count of 50% 
mononuclear cells. The remain~ng 50% of cells were predominantly 
PMN's. The high concentration of PMN's in this exudate probably 
arose from the second injection of BSS. 
~he yields of BSS and glycogen (one injection six days prior 
to harvest) stimulated peritoneal exudates were compared with cells 
harvested from a normal animal as to total number of cells, differ-
ential cell counts, and viabilities. The results are presented in 
Table 7. 
B. Yield ~ differential cell count of alveolar phagocytes. 
The total number of cells obtained from the lungs of a guinea 
pig was found to be in the range of 5 to 10 million. The cells were 
predominantly mononuclear, the differential cell counts on the cell 
suspensions showed that polymorphonuclear cells made up less than 
five per oent and lymphocytes less than 10 per cent of the cell 
population. 
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TABLE 7. Effect of Different Peritoneal Exudate Stimulants on 
Cell Yield. 
Stimulant Total % Mono- % Lympho .. % PMN's % Viable 
Yield nuclear cytes 
none 22 x 106 42 49 9 99+ 
BSS 14.5 x 106 66 33 1 99+ 
Glycogen 24.5 X 106 85 12 3 99+ 
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C. £!:.!.! Maintenance Techniques. 
1. Choice of serum. 
--
Alveolar phagocytes were harvested by 
previously described techniques and suspended in Earle's BSS with 
lactalbumin hydrolysate. Various sera were added and the cultures 
incubated at 37°C with the media being changed daily. The cellular 
morphology was studied at varying time intervals and the results can 
be seen in Table 8. 
2. Comparison of different tissue culture media. Alveolar and 
peritoneal phagocytes were harvested and suspended in either Earle's 
BSS with 20% heat inactivated calf serum or in medium 199 with 20% 
fetal calf serum. Portions of these cultures were added to silicon-
ized culture tubes and incubated at 370 C at 1/5 rpm in a roller 
drum. At varying time intervals aliquots were removed and stained 
for viability and total number of cells. The results are presented 
in Tables 9 and 10 and the data are expressed as per cent of initial 
cell population remaining at given time intervals. 
3. Duration of culture period ~ effects on cell viability 
and differential cell count. Alveolar and peritoneal exudate 
(BSS stimulated) phagocytes were harvested as previously described. 
The suspensions were diluted and placed in siliconized tubes on a 
roller drum. At varying time intervals a tube of each phagocyte 
type was removed and the following measurements made on its contents: 
total number of cells per tube, per cent viable, and differential cell 
counts. The r~sults of these measurements are contained in Tables 
11 and 124 
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TABLE 8. Effect of Various Sera on Phagocytes as Assessed Morpho-
logically after Maintenance in vitro. 
Sera Concentration Time ~daJ!:s l 
(% Final) 1 2 
Guinea Pig 10 + 
Guinea Pig 20 
Calf 10 + 
Calf 20 
Chicken 10 + +++ 
Chicken 20 + +++ 
No noticeable change 
+ Slight Rounding up of cells 
++ Marked granulation and rounding up of cells 









TABLE 9. Survival of Alveolar Phagocytes in Various Tissue 
Culture Media. 
Tis~ue Culture Maintenance Medium 
Time with 
Earle's BSS 199 
30 min. 100* 100 
8 hrs. 100* 100 
32 hrs. 82* 100 
66 hrs. 87 87 
102 hrs. 84 97 
168 hrs. 59 71 
* Per cent of initial count remaining viable as determined by dye 
exclusion techniques. 
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TABLE.lOo Survival of Peritoneal Exudate Phagocytes in Various 
Tissue Culture Media. 
Tissue Culture Maintenance Medium 
Time with 
Earle's BSS 199 
30 min. 100* 100 
8 hrs. 91* 93 
32 hrs. 100 87 
66 hrs. 100 78 
102 hrs. 100 84 
168 hrs. 55 55 
* Per cent of initial count remaining viable as determined by dye 
exc~usion techniques. 
TABLE 11. Duration of Cell Culture and Its Effects on Total Number 
of Cells, Cell Viability, and Differential Cell Count. 
A1veo1arPhagocytes Differential Count 
Time in Total Number of Per Cent Monocytes PMN 1 s 
Hours Ce11s/m1 Viab1~ 
0 1,000,000 95+ 83 17 
18 790,000 95+ 80 20 
27 887,000 90 83 17 
42 760,000 90 83' 17 
70 610,000 95 88 12 
136 407,000 80 95 5 
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TABLE 12, Duration of Cell Culture and Its Effects on, Total Number 
of Cells, Cell Viability, and Differential Cell Count. 
Peritoneal ExudatePhasocytes Differential Count 
Time in Total Number of Per Cent Monocytes PMN's 
Hours Cells Im1 Viable 
0 1,000,000 95+ 58 42 
18 807,500 95+ 62 38 
27 832,000 95 76 24 
42 819,000 95 78 22 
70 670,000 95 80 20 
136 437,500 20 83 17 
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4. Effect 2! Tween ~ ~ Phagocyte Viability. Alveolar 
phagocytes were harvested and resuspended in the normal manner 
with the e~ception that 0.5 m1 of Tween 80 was added to each 
liter of tissue culture medium. The phagocytes were incubated at 
370C in the roller drum apparatus with the results (Total and Viable 
cell counts) shown in Table 13. 
The presence of Tween 80 in concentrations normally used to 
prevent clumping of mycobacteria appeared to have no adverse effects 
on these cells. 
III. EXPERIMENTS DESIGNED !Q STUDY ~ EFFECTS OF BeG IMMUNIZATION 
A. Skin Tests. 
After BCG immunization, a random sample of the injected guinea 
pigs was made. These animals were skin tested with 25 tuberculin 
units (tu) of PPD-S and all gave positive skin tests when read at 
48 hours of 15-20 mm mean diameter of induration. 
B. Ouchter10ny agar diffusion erecipitin tests. 
1. Macro Method. Sera from normal and immunized guinea pigs 
were tested for specific precipitation reactions using the macro-
agar diffusion method carried out in petri dishes. Pooled antisera 
obtained from BCG immu~ized rabbits was used as a positive control. 
In order to screen a number of sera, the peripheral wells were used 
for sera while the antigen was placed in the center well. Cell free 
extract prepared from H37Ra, as well as BeG culture filtrate, were 
used as antigens. In only a few instances did the BeG culture 
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TABLE 13. Effect of Tween 80 on Alveolar Phagocyte Viability. 
,Alveolar Phasocytes 
Time in Hours Cells/ml Per Cent Viable 
° 
1,080,000 95+ 
72 972,000 95 
120 450,000 40 
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filtrate give _visible reoactions. TJ:te cell free extract on the 
other hand gave good precipitate bands with the immune rabbit 
antisera but not with that obtained from immunized guinea pigs. 
Figure 6a is a drawing representing results obtained using this 
technique. 
2. Micro Method. Due to the increased sensitivity of the 
micro method, it was used to evaluate the immunization of the guinea 
pigs. The reactants were the same as those used in the macro test 
and typical results are represented in Figure 6b. The guinea pig 
antisera gave precipitation bands which, although not as heavy as 
the control rabbit antiserum, were distinct. 
c. Latex Agglutination. 
The same sera as those used in the agar precipitation tests 
were tested with a latex agglutination method in order to obtain 
information concerning the content of agglutinating antibodies. 
Table 14 lists results obtained with this procedure. 
IV. EXPERIMENTS DESIGNED TO STUDY IN VITRO PHAGOCYTOSIS AND Q!.!Q-
PEPSIS £[ MYCOBACTERIUM TUBERCULOSIS 
A. Results obtained using Tween 80 dispersed suspensions in ~ 
and fixed ehagocyte systems ... Microscopic evaluation 
Suspensions of tubercle bacilli prepared as previously des~ 
cribed and dispersed with Tween 80 were killed by the addition of 
excess amounts of streptomycin (100 ug/m1). The bacilli were added 
to the appropriate phagocyte suspensions or cell cultures in a ratio 










MACRO METHOD - OUCHTERLONY AGAR DIFFUSION TEST 
Figure 6b 
I 2 





MICRO METHOD- OUCHTERLONY AGAR DIFFUSION TEST 
I 
.5!J2 
60 \) 0 @ 
7 (03 0 
5 0 4 
IMMUNE G. PI G SERUM 
IMMUNE G. PI G SERUM 
I MM UNE G. PI G SERUM 
NORMAL G.PIG SERUM 
NORMAL RABBIT SERUM 
IMMUNE RABBIT SERUM 
CFE (ANTIGEN) 
73 
TABLE 14. Results of Latex Agglutination Tests Performed on Various 
Normal and "Immune" Sera" 
Sera Source Titer* 
Normal Rabbit 0 
Immune Rabbit 1024 
Normal Guinea Pig 0 
Immune Guinea Pig 111 512 
Immune Guinea Pig IF2 512 
Immune Guinea Pig 113 1024 
*Titer expressed as reciprocal of highest dilution giving positive 
agglutination. 
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intervals, aliquots were removed and th~ number of active phago-
cytes, as well as the number of intracellular bacilli, were counted. 
Results of this study are given in Tables 15 and 16. 
From these results it can be seen that the system utilizing 
attached cells allows the phagocytes to be more active with a higher 
number having intracellular bacilli. Occasionally an active cell 
was encountered that had a large clump of bacilli inside it and for 
this reason bac~~rial suspensions prepared by filtration were used 
in all subsequent studies. The results found in Table 16 are plotted 
in Figures 7 and 8. 
B. Results obtained using filtered suspensions and fixed system~ 
phasocyte maintenance. 
1. Microscopic evaluation. Using the fixed system of phago-
cyte maintenance, an experiment similar to the one just described 
was carried out. The only difference being that of sampling time 
and the use of bacterial suspensions prepared by filtration. The 
results are tabulated in Table 17. 
2. Results of Plate Counts. The first of a series of experiments 
to determine the cytopeptic activity of the phagocytes also had 
microscopic examination of stained preparations to better evaluate 
the ingestion phase of the experiment. The combined data, plate 
counts and microscopic counts are found in Table 18. 
From the results obtained in this experiment, it was decided 
that a higher bac.il1us to phagocyte ratio might raise the ingestion 
rate to a level permitting objective analysis. The following data 
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TABLE 15. Results of Phagocyto~is of Dead Bacilli (Tween 80) by 
Phagocytes Cultured in Siliconized Tubes on a Roller Drum. 
Time Phagocyte Bacillus Number Active Number lntra-
System Phagocytes cellular Bacilli 
20 Hours NPRa 3* 19 
lPRa 30 382 
NPRv 25 166 
lPRv 39 222 
NARa 19 174 
lARa 17 233 
NARv 6 54 
lARv 4 25 
48 Hours NPRa 25 1000 
IPRa 99 10,000 
NPRv 48 495 
lPRv 54 346 
NARa 68 6500 
lARa 64 945 
NARv 38 228 
lARv 18 103 
*100 phagocytes observed/system 
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TABLE 16. Results of Phagocytosis of Dead Bacilli (Tween 80) by 
Phagocytes Cultured in Leighton Tubes. 
Time Phagocyte Bacillus Number Active Number lntra-
System Phagocytes cellular Bacilli 
20 Hours NPRa 100* 2580 
lPRa 100 2760 
NPRv 71 663 
IPRv 68 572 
NARa 88 2000 
IARa 98 3130 
NARv 52 352 
lARv 28 218 
48 Hours NPRa 100 1980 
lPRa 96 2820 
NPRv 42 1138 
lPRv 78 604 
NARa 98 2244 
lARa 98 4820 
NARv 54 422 
lARv 68 1566 
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TABLE 17. Results of Phagocytosis of Dead Bacilli (Filtered) by 
Phagocytes Cultured in Leighton Tubes. 
Time Phagocyte Bacillus Number Active Number Intra-
System Phagocytes Cellular Bacilli 
4 Hours NPRa 4 4 
lPRa 8 12 
NPRv 6 6 
lPRv 0 0 
NARa 7 12 
lARa 4 4 
NARv 6 6 
lARv 15 19 
18 Hours 
NPRa 8 8 
IPRa 1 1 
NPRv 1 1 
lPRv 2 2 
NARa 10 ~4 
lARa 37 54 
NARv 10 15 
lARv 23 29 
*100 phagocytes observed/system 
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TABLE 18. Phagocytosis and Cytopepsis of Viable Tubercle Bacilli 
as Determined by Microscopic and Culture Techniques. 
Time Phagocyte Nurnbel;' Number Plate Per Cent 
Bacillus Active Intra ... Counts of Initial 
System Phagocytes Cellular (Bacilli/ Number 
Bacilli tube) Remaining 
o Time NPRa 23 60 4~825 
IPRa 9 12 9,725 
NPRv 2 5 580 
IPRv 15 20 725 
NARa 2 2 5,575 
lARa 16 24 8,125 
NARv 3 3 0 
IARv 10 11 200 
24 Hours 
NPRa 18 48 875 18 
IPRa 4 4 150 2 
NPRv 0 0 0 0 
IPRv 5 6 0 0 
NARa 2 2 150 3 
lARa 1 2 250 3 
NARv 0 0 25 0 
IARv 0 0 25 13 
(Continu~d on ;page 81) 
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TABLE 18. (Con't.) Phagocytosis and Cytopepsis of Viable Tubercle 
Bacilli as Determin~d by Microscopic and Culture Techniques. 
Time. Phagocyte Number Number Plate Per Cent 
Bacillus Active Intra- Counts of Initial 
System Phagocytes Cellular (Bacilli/ Number 
Bacilli tube) Remaining 
48 Hours 
NPRa 9 24 800 17 
IPRa 9 18 175 2 
NPRv 2 4 75 13 
IPRv 7 8 25 3 
NARa 3 3 0 0 
lARa 2 3 75 1 
NARv 5 6 0 0 
IARv 1 1 0 0 
72 Hours 
NPRa 21 31 350 7 
IPRa 7 13 50 5 
NPRv 2 3 50 9 
IPRv 3 7 25 3 
NARa 1 2 0 0 
lARa 1 2 50 1 
NARv 4 6 25 
IARv 0 0 0 0 
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were obtained from a number of experiments and substantiate trends 
noticed in the experiment previously reported (Table 18). Since 
the ingestion rate can be measured by the ° Time plate cQunts and 
cytopepsis by plate counts from the longest incubation period in 
which the cells remain intact, only the 0 Time and 72 Hours data 
is presented in Tables 19, 20, and 21. 
V" EXPERIMENTS DESIGNED !2 STUDY .!!!! EFFECT OF IMMUNE ~ ON 
PHAGOCYTOSIS ~ CYTOPEPSIS. 
A. Results of plate Counts. 
The experiment had a similar design to those previously 
reported but immune guinea pig sera was substituted in place of 
the calf serum. Only the alveolar phagocyfes from normal and 
immunized animals were used in this experiment due to the scarcity 
of immune guinea pig sera. The results are presented in Table 22. 
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TABLE 19, Phagocytosis and Cytop~psis of H37Rv as Measured by 
Plate Counts of Viable Bacilli (Exp. #1). 
System lni t ial Number Number of Per Cent of 
of Bacilli per Bacilli Per Initial Count 
tube (zero time) Tube at 72 Remaining 
Hours 
NPRv 15,000 14,000 93 
15,000 100 
12,000 80 
IPRv 15,000 1,500 10 
3,000 20 
2,800 18 
NARv 9,500 2,200 23 
2,100 22 
2,400 25 




TABLE 20. Phagocytosis and Cytopepsis of H37Rv as Measured by Plate 
Counts of Viable Bacilli (Exp. #2). 
System Initial Number Number of Per Cent of 
of Bacilli per Bacilli per Initial Count 
Tube (Zero time) Tube at 72 Remaining 
Hours 
NPRv 90,000 49,000 54 
57,000 63 
32,000 35 
IPRv 110,000 21,000 19 
34,000 30 
26,000 23 
NARv 28,700 11,700 40 
13,200 45 
13,200 45 




TABLE 21. Phagocytosis and Cytopepsis of H37Ra as Measured by Plate 
Counts of Viable Bacilli (Exp. #1). 
System Initial Number Number of Per Cent of 
of Bacilli p~r Bacilli Per Initial Count 
Tube (Zero TiIll~) Tube at 72 Remaining 
Hours 
NPRa 21,400 6,970 33 
6,500 30 
4,500 21 
IPRa 17,900 4,800 27 
5',000 29 
4,400 25 
NARa 5,700 1,500 26 
1,200 21 
2,000 35 




TABLE 22, Phagocytosis and Cytopepsis of H37Rv in Presence of 
Immune Sera as Measured by Plate Counts of Viable Bacilli. 
System Initial Number Number of Per Cent of 
of Bacilli Per Bacilli Per Initial Count 
Tube Tube at 72 Remaining 
Hours 
NARv 46,600 2,400 5.2 
2,470 5.3 
2,630 5.6 




VI. STATISTICAL ANALYSIS OF PLATE COUNT DATA 
The statistical analysis was carried out as described on the 
data relating cytopepsis to that per cent of the initial number 
of bacilli ingested that remained viable at 72 hours. 
A. H37Rv strain of tubercle bacilli insested ~ Normal ~ Immune 
Alveolar ~ Peritoneal phagocytes. 
The results of this analysis can be found in Table 23. 
B. H37Ra strain of tubercle bacilli ingested ~ Normal and Immune 
Alveolar ~ Peritoneal phagocytes. 
The results of this analysis are given in Table 24. 
c. H37Rv strain of tubercle bacilli ingested .£x Normal and Immune 
Alveolar phagocytes ~ presence of Immune ~. 
The results of this analySiS are shown in Table 25. 
Table 26 contains the analysis of similar phagocyte systems 
with and without immune sera, 
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TABLE 23. H37Rv Strain of Tubercle Bacilli - Normal and Immune 
Alveolar and Peritoneal Phagocytes. Statistical Analysis. 
Source of Variation Degrees of Sum of Mean Square 
Freedom Squares 
Total 23 18,696.0 
Between Samples 3 14,730.8 4,910.0 
Between Blocks 5 1,732.8 346.5 
Error 15 2,232.4 148.8 
Estimates £! Population Means 






F Us .0J = 3.3 calculated F - 32.9 significant difference 
t (NARv - IARv) = 4.25 significant at .05 level 
t (NPRv - IPRv) ::;: 7.25 significant at .05 level 
t (IPRv - NARv) = 1.94 not significant at .05 level 
t (IPRv - IARv) = 2.24 significant at .05 level 
t (NPRv - NARv) = 5.31 significant at .05 level 
t fo~J from table 15 ~ 2.13 
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TABLE 24. H37Ra Strain of Tubercle Bacilli - Normal and Immune 
Alveolar and Peritoneal Phagocytes. Statistical Analysis. 
Source of Variation Degrees of Sum of Mean Square 
Freedom Squares 
Total 11 996 
Between Samples 3 207 69.0 
Between Blocks 2 109 54.5 
Error 6 680 113.3 
Estimates £f Population Means 






F [.~ == 4.3 Calculated F 0.6 no significant difference at 
.05 level 
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TABLE 25. H37Rv Strain of Tubercle Bacilli - Normal and Immune 
Alveolar Phagocytes - Immune Sera., Statistical Analysis. 










1 22.02 22.02 
2 0.06 0.03 
2 0.15 0.075 
Estimates of Population Means 




18.5 Calculated F = 32.9 significant difference 
at .05 level 
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TABLE 26. H37Rv Strain of Tubercle Bacilli - Normal and Immune 
AlveolarPhagocytes - With and Without Immune Sera 
Statistical Analysis (compared with Exp. #1 without ab) 
Source of Variation Degrees of Sum of Mean Square 
Freedom Squares 
Total 11 995.6 
Between Samples 3 990.06 330.0 
Between Blocks 2 0.4 0.2 
Error 6 5.14 0.86 
Estimates of Population Means 
System Mean Standard Error 
NARv w/o 23.3 
IARv w/o 1.3 
0.535 
NARv w 5.3 
IARv w 1.4 
F [; .O~ = 4.8 Calculated F = 383.7 significant difference at 
.05 level 
t (NARv w/o - NARv w) = 23.78 significant at .05 level 
t (IARv w. - IARv w/o) = 0.13 not significant at .05 level 
t GO] = 2.45 
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DISCUSSION 
Mycobacterial cell suspensions grown in liquid media con-
taining Tween 80 are made up of viable cell units containing 
from one to a number of bacilli as has been shown by Mackeprang 
(1958) and Power and Hanks (1965). When one uses such suspensions 
in studies on phagocytosis, a high degree of error can be introduced 
into microscopic and cultural examinations of the bacilli infected 
phagocytes. It can not be easily determined whether the ingested 
bacilli are the result of phagocytosis of a clump of bacilli or of 
a series in which single bacillary units were taken up. Also, 
plate counts made on clumped suspensions will result in only one 
colony for each clump of bacilli. Due to these technical diffi-
culties, attempts were made to prepare suspensions of tubercle bacilli 
which would consist of viable cell units comprised mainly of single 
cells. Preparation of these suspensions was accomplished by filter-
ing a Tween 80 grown suspension through a membrane filter having 
an average pore diameter of 2.0 microns. Other suspensions were 
made using a filter membrane with a 5.0 micron average pore diameter 
but the suspensions consisted of more double and triple cell aggre-
gates. This filter was also effective in retaining larger cell 
aggregates and has the advantage, for less critical work, of 
allowing one to prepare more concentrated cell suspensions. 
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The filtered suspensions are not stable for extended periods 
of time and if the cells are allowed to come into contact with one 
another, eith~r by agitation or by settling to the bottom of the 
container, agglutination will result in the presence of the standard 
concentration of Tween 800 When these suspensions were utilized in 
phagocytosis studies carried out in Leighton tubes, the autoagglutin-
ation of the lipophilic organisms did not present any problem. This 
lack of autoagglutination can probably be explained by the dilute 
suspensions employed and from the fact that they were allowed to 
settle directly onto the surface of the phagocytes. 
The H37Ra strain of tubercle bacilli gave lower plate counts 
than did a suspension of H37Rv of the same turbidity. The concen-
tration of cells in the filtered suspensions was also lower and 
can be explained by the fact that the individual bacilli of the 
H37Ra strain are larger than those of the H37Rv strain. For this 
reason they give a higher turbidity reading and will not pass through 
the membrane filter as readily as the smaller H37Rv bacilli. This 
difference illustrates the importance of standardization of each 
bacterial suspension or strain being used in experimental work 
and also that one cannot rely on the optical density versus cell 
count curve of one strain to be accurate for another strain even 
though the strains in question are closely related. 
Glycogen stimulation of peritoneal exudates was compared 
with other methods and found to result in higher cell yields and 
also in a higher per cent of mononuclear cells. The practice of 
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giving a large intra-peritoneal injection of BSS thirty minutes 
prior to harvesting the exudate was found to attract large numbers 
of PMN's rather than increase the yield of mononuclear cells. 
Repeated studies using both fixed and free phagocyte main-
tenance techniques indicated that cell maintenance fluid containing 
20% heat inactivated calf serum was as effective in maintaining 
phagocyte viability as was cell maintenance fluid with 20% guinea 
pig serum. Since guinea pig serum is expensive in large quantities, 
calf serum was selected for use in the cell maintenance fluid. 
Chicken serum in concentrations up to 20% was shown to be unsatis-
factory for maintaining cell viability. 
Initial work with the free phagocyte maintenance system indi-
cated that a water soluble silicone preparation was not effective in 
preventing the attachment of the phagocytes to the culture tubes. The 
free phagocyte system was not used with viable bacilli since a prob-
lem arose in separating the infected phagocytes from the antibiotic 
containing medium. The fixed phagocyte system overcomes this problem 
and was simpler to' work with since autoagglutination of the suspen-
sions of bacilli did not oc~ur. 
The phagocytes obtained from the alveolar spaces of guinea pig 
lungs were first harvested by a method reported by Myrvik (1961). 
This method was originally described for rabbits and was accomplished 
by removing the lungp from the rabbit and flushing the lungs with 
BSS. With the smaller guinea pig lungs, this method was found to 
be quite cumbersome. The lungs on occasion were attached to the 
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pleura and upon removal from the chest cavity were torn. Tears 
in the lungs resulted in leakage when the tissues were inflated 
with BSS. A method was devised (Maxwell et al., 1964) which 
allowed the harvesting of alveolar phagocytes without removing 
the lungs from the donor animal. This procedure gives cell yields 
comparable with other methods, is more rapid, and fewer cells are 
lost due to tearing of the lungs or excess red blood cell contamin-
ation. 
The phagocyte donor animals used throughout this study were 
sacrificed by electrocution, with wall outlet current (l15v). By 
using electrocution, any effect on the peritoneal and alveolar 
phagocytes by anaesthetics could be aVoided. Intraperitoneal in-
jection of pentobarbital (Nembutal) in addition to the possible 
effect on phagocytes also resulted in contamination of the peritoneal 
exudate with blood cells. The effect of ether on alveolar phago-
cytes was determined using phase microscopy to study cellular morphology. 
Ether did not appear to have any adverse effect on the cells as 
assessed morphologically but differences in phagocytic and metabolic 
activity might not accompany morphological changes. 
Much controversy exists as to whether avirulent strains of 
mycobacteria are phagocytized more rapidly than are virulent strains. 
The differences in strains tested and methods of testing by other 
workers are too involved to warrant extended consideration. Much 
controversy also exists concerning the differences in inactivation 
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of the avirulent and virulent strains. Suter (1953) and Lurie 
(1942) have reported that cells from immune animals inactive 
tubercle bacilli more effectively than 00 ~imi1ar cells from 
normal animals. The findings of Mackaness (1954) and Rich (1951) 
are in direct contradiction to the other workers mentioned on 
this concept of enhanced cellular immunity in tuberculosis. 
The ingestion rates of tubercle bacilli (heat killed, 
avirulent and virulent) by normal alveolar and peritoneal phago-
cytes as determined in this investigation indicate that little or 
no difference was measurable by the methods employed. Microscopic 
evaluation is complicated by the presence of clumps of bacteria 
and acid fast staining globules within the phagocytes. The question 
still remains whether these globules are digestive vacuoles or 
acid fast staining artifacts. When the ingestion rates of normal 
cells were compared with those of cells from immunized donors, 
a definite difference was usually observed with the immune phago-
cytes demon~trating greater ingestion rates. These results are 
comparable to those of other workers but are complicated by the 
fact that the infecting suspensions contained clumps of bacterial 
cells. The laborious microscopic counting method with such a 
limited sample size can also result in extensive error. The methods 
used were similar to previous investigations carried out by many 
workers in this field. The inaccuracies inherent in these methods 
may be responsible for the conflicting results reported by differ-
ent workers. 
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The experiments carried out with viable bacilli appear to 
give more reliable results, not only with ingestion rates, but 
also with measurements of cytopepsis. Increased reliability of 
results reported in this thesis can be attributed to better sam-
pling procedures as well as the utilization of filtered bacterial 
suspensions which alleviated the problem of baci11iary clumping. 
In this series of experiments the immune phagocytes had higher in-
gestion rates for virulent tubercle bacilli than did normal phago~ 
cytes. 
The results of experiments ~sing viable virulent bacilli and 
plate count~ to study cytopepsisclear1y indicated that phagocytes 
from immune animals had increase cytopeptic activities when com-
pared to phagocytes from normal animals. Also, the alveolar phago-
cytes were more active in cytopepsis than were peritoneal exudate 
cells. These two observations can prob~b1y be partially explained 
by the following observations made by other investigators: 1) Lurie 
(1942) and Suter (1953) using cultural and microscopic methods 
report similar findings with immune versus normal cells; 2) Heise 
~ a1. (1965), Carson and Dannenburg (1965), and Ramseier and 
Suter (1964) have published data attributing to reticuloendothelial 
cells from BeG immunized animals increased lysozyme content and 
other enzymatic activities; 3) Heise, ~ a1. (1965) have shown 
that normal and immune alveolar and peritoneal phagocytes differ 
in lysozyme content. When these cells are ranked as to lysozyme 
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as determined by Heise~ et al. (1965) the rankings will be the 
same as those obtained in this study of cytopepsis. 
Lysozyme is reported to have inhibitory effects on myco-
bacteria. The following is the ranking of the phagocytes tested 
in order of decreasing cytopeptic activity: 1. Immune alveolar 
phagocytes; 2 and 3. Normal alveolar and Immune peritoneal phago-
cytes (similar activity); 4. Normal peritoneal phagocytes. 
When avirulent bacilli were subjected to similar experimental 
conditions, no significant differences in cytopeptic activity 
between any phagocytic system could be demonstrated. 
Guinea pigs were immunized with BeG and the content of humoral 
antibody in their sera measured by various techniques. When this 
antiserum was added to normal and immune alveolar phagocytes in 
contact with v~rulent tubercle bacilli, some interesting results 
were obtained. Little or no effect on cytopepsis by immune cells 
was measured but the antiserum enhanced the rate of cytopepsis by 
normal alveolar phagocytes. At this time no extensive experimental 
evidence exists to show any mediating effect of antibody, but it 
was not in the scope of this dissertation to explore humoral factors 




The role of cellular immunity was studied using ~ vitro 
tech~iques for observing rates of phagocytosis and cytopepsis. 
Peritoneal exudates were stimulated using standard techniques 
and alveolar phagocytes were harvested by a technically less 
difficult method than used by others. This procedure yielded 
higher cell counts than those obtained by existing methods. 
Alveolar and peritoneal phagocytes were harvested from normal and 
BeG immunized guinea pigs. The hypothesis examined was that cells 
from immunized guinea pigs would have increased capacities for phago-
cytosis and cytopepsis of virulent (H37Rv) and avirulent (H37Ra) 
strains of tubercle bacilli. Various types of culture media and 
conditions were ~creened in order to select the optimal conditions 
for the planned experiments. 
Suspensions of tubercle bacilli dispersed by wetting agents 
were unsatisfactory for use in determining rates of phagocytosis. 
Those suspensions prepared by filtration, when exposed to normal 
and immune phagocytes, yielded results that indicated there may 
be differences between normal and immune phagocytes. The area 
of the body from which the phagocytes are harvested may also impart 
differences in rates of phagocytosis and cytopepsis. 
Preliminary studies were carried out concerning the role of 
antibody in the systems previously described. Although the anti-
body had no observable effect on the immune cells, normal cells 
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seemed to benefit fro~ the presence of antibody by showing increased 
rates of cytopepsis. Further work is needed in this area of investi-
gation which is designed to yield information concerning mechanisms 
of resistance to mycobacterial disease, 
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RESEARCH PROPOSALS 
1. By using methods developed in this dissertation, the 
phagocytosis and cytopepsis of cells harvested from animals natively 
resistant to tuberculosis should be studied. 
2, The latex agglutination test briefly described in the text 
of this study should be evaluated as a possible aid in the diagnosis 
of tuberculosis. 
3. The role of delayed hypersensitivity in cellular suscep-
tibility to antigen should be investigated further. Reports concern-
ing injurious or stimulatory effects are conflicting. The role of 
serum concentration and of antibody should be investigated. 
4. The possibility of using fluorescent antibody techniques 
in the classification of mycobacteria should be explored. By classi-
cal serologic absorption and dilution techniques one should be able 
to obtain sera specific for any group of mycobacteria, thus affording 
an easier and possibly more specific means of classification. 
5. Comparative aspects of nonspecific enhancement of resis-
tance induced by BCG and endotoxin injection should be studied in 
terms of phagocytosis and cytopepsis of bacteria of various types. 
6. A functional experimental model in animals of pulmonary 
emphysema does not exist. A model approximating the natural disease 
is needed upon which to base future research. A possible model is 
exposure of guinea pigs to recurrent pulmonary anaphylactic insult. 
2 
7. Cigarette smoke is known to stop or to slow the rate of 
cilliary motion in the respiratory tract of rabbits. Similar studies 
should be carried out both in vitro and in vivo to assess the effect 
of cigarette smoke on phagocytosis. 
8. The role of pulmonary surfactant in maintaining normal 
physiologic conditions in the lung has been reported. The effects 
of infection and immunologic reactions on this substance should be 
investigated. Also the bactericidal and bacteriostatic properties 
of this substance for bacteria and virus should be determined. 
9. Experimental models similar to those described in this 
thesis but employing organisms more readily handled should be 
utilized. For example, the system involving mice and an entero-
pathogenic strain of E. coli should yield information concerning 
the relative capacities of normal and immune macrophages in rapid 
and reproducible fashion. 
10. The etiology of chronic pulmonary emphysema is unknown. 
In the majority of patients, chronic bronchitis precedes, and is 
then coincident with, progression of emphysema. The role pf fungal, 
bacterial, and viral infections as causative factors in these 
conditions is not yet defined and warrants investigation. 
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